Inflammatory critical illness is a syndrome that is characterized by acute inflammation and organ injury, and it is triggered by infections and noninfectious tissue injury, both of which activate innate immune receptors and pathways. Although reports suggest an anti-inflammatory role for the mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase 5 (ERK5), we previously found that ERK5 mediates proinflammatory responses in primary human cells in response to stimulation of Toll-like receptor 2 (TLR2). We inhibited the kinase activities and reduced the abundances of ERK5 and MEK5, a MAPK kinase directly upstream of ERK5, in primary human vascular endothelial cells and monocytes, and found that ERK5 promoted inflammation induced by a broad range of microbial TLR agonists and by the proinflammatory cytokines interleukin1b (IL-1b) and tumor necrosis factor-a (TNF-a). Furthermore, we found that inhibitors of MEK5 or ERK5 reduced the plasma concentrations of proinflammatory cytokines in mice challenged with TLR ligands or heat-killed Staphylococcus aureus, as well as in mice that underwent sterile lung ischemia-reperfusion injury. Finally, we found that inhibition of ERK5 protected endotoxemic mice from death. Together, our studies support a proinflammatory role for ERK5 in primary human endothelial cells and monocytes, and suggest that ERK5 is a potential therapeutic target in diverse disorders that cause inflammatory critical illness.
INTRODUCTION
Acute inflammation and organ injury are caused by diverse conditions, including trauma, hemorrhage, vascular occlusion, transplantation, cardiac arrest, and sepsis. These bodily insults activate the innate immune system, which initiates a well-coordinated series of events that have evolved to contain the microbial threat, eliminate the microbes or damaged tissues, initiate an appropriate adaptive immune response, and instigate tissue repair (1) (2) (3) (4) (5) . After more extreme injury, mechanisms designed to limit inflammation and to restore immune homeostasis become overwhelmed and dysregulated, leading to uncontrolled systemic inflammation with resultant organ injury, organ failure, and even death (6, 7) . Coagulopathy, a disorder characterized by impaired clotting of blood that can cause pathologic microvascular thrombosis, and vascular leak are believed to potentiate inflammatory organ injury through effects on nutrient and oxygen delivery, tissue edema, and through secondary ischemia-reperfusion (IR) injury (2, (8) (9) (10) (11) (12) . Indeed, multiple organ failure is a leading cause of death of patients hospitalized with sepsis or traumatic injuries (13) (14) (15) (16) .
Vascular endothelial cells (ECs) and leukocytes mediate critical aspects of the innate immune response to infection and injury (1, 17) . Receptors on these cells engage invariant microbial pathogen-associated molecular patterns (PAMPs) and host-derived, danger-associated molecular patterns (DAMPs), and, in conjunction with the complement system, they initiate an acute inflammatory response that is enforced by the immediate release of proinflammatory mediators, such as interleukin-1b (IL-1b) and tumor necrosis factor-a (TNF-a) (18) (19) (20) (21) (22) (23) . Activated leukocytes and ECs secrete cytokines and chemokines [for example, IL-6, IL-8, CCL2 (also known as MCP-1), and CCL3 (also known as MIP-1a)] and increase the number of adhesion molecules [for example, E-selectin, P-selectin, vascular cell adhesion molecule 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-1)] at their cell surface to facilitate the localization and subsequent diapedesis of leukocytes, such as neutrophils, to sites of infection and injury (1, (22) (23) (24) (25) . Furthermore, factors that induce and perpetuate fibrin deposition and thrombosis [for example, plasminogen activator inhibitor-1 (PAI-1)] become increased in abundance, whereas those factors [for example, tissue plasminogen activator (tPA)] that are involved in the breakdown of clots (fibrinolysis) become decreased in abundance, resulting in the initiation and persistence of intravascular thrombosis (22, 23, 26, 27) . Increased amounts of PAI-1, which inhibits fibrinolysis, are associated with an increased incidence of organ failure and death in sepsis, pneumonia, and acute lung injury (ALI) (28) . Increased PAI-1 activity likely facilitates the persistence of microvascular thrombi and impairs blood flow, which may help to contain invading microbes, as well as promotes vascular permeability and leukocyte trafficking. During acute inflammatory critical illness, excessive inflammation, leukocyte recruitment to organs, vascular leak, and intravascular thrombosis cause organ injury. The failure to shift to a healthy, proresolving phase of inflammation is in part driven by the sustained engagement of innate immune receptors by PAMPs, DAMPs, and host inflammatory mediators (29) . Understanding these processes is vitally important in critical care medicine; however, the biochemical origins and components of the initial stages of the innate immune response and their role in the development of acute inflammatory critical illness are still poorly understood.
Central to all innate immune receptor signaling pathways are the transcription factor nuclear factor kB (NF-kB) and the intracellular mitogenactivated protein kinases (MAPKs) (30) . NF-kB promotes the expression of genes that encode inflammatory cytokines, whereas the MAPKs primarily act by modulating gene and protein expression and stability and by regulating the integrity of protein complexes within the cell (31, 32) . The classical MAPKs p38, c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase 1 (ERK1), and ERK2 are the most thoroughly studied; however, several other family members exist, including ERK5 [also known as big MAPK (BMK1) or MAPK7], ERK3/4, ERK7/8, and Nemo-like kinase (NLK) (31, 33) . The classical MAPKs have been considered as therapeutic targets to treat inflammatory disorders for some time, but several clinical trials, particularly those that used p38a inhibitors, were discontinued as a result of poor safety profiles or low long-term efficacy (30, 34) . The other understudied MAPK family members, such as ERK5, may be of interest as therapeutic targets in acute inflammatory critical illness because of their distinct structures and more restricted roles in cells, which may limit the occurrence of potential side effects. We reported that ERK5 mediates the Toll-like receptor 2 (TLR2)-dependent activation of inflammatory responses in human monocytes and ECs, and that it promotes the TLR2-dependent activity of PAI-1 in ECs, indicating that other understudied MAPK family members also function in innate immune signaling pathways (23) .
ERK5 and its upstream activator MAP/ERK kinase 5 (MEK5) were independently described in 1995 (35) (36) (37) . Compared to other MAPK family members, ERK5 is substantially larger and has a distinct C-terminal domain, which contains a proline-rich region, a nuclear localization signal (NLS), and a transcriptional activation domain (TAD) that is regulated by autophosphorylation ( fig. S1 ) (38) (39) (40) (41) (42) . In resting cells, ERK5 is mainly located in the cytoplasm, but upon phosphorylation of ERK5, the NLS is exposed, and ERK5 translocates to the nucleus where it stimulates the activity of several transcription factors (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) . In addition, ERK5 has several cytoplasmic substrates and binding partners, such as other kinases, adaptors, scaffolds, and junctional proteins (41, 42, (55) (56) (57) (58) (59) (60) . ERK5 plays an essential role in embryonic development and in vascular integrity, as highlighted in studies of global and EC-specific ERK5 knockout mice (61) (62) (63) (64) (65) . However, the ablation of ERK5 in other cells, including T cells and neuronal cells, is not lethal, although neuronal deletion affects aspects of neurogenesis and impairs pheromonemediated behaviors (66) (67) (68) (69) (70) (71) . ERK5 and MEK5 are also implicated in solid tumors and hematologic malignancies, and inhibitors of ERK5 and MEK5 are being explored as potential cancer therapies (1, (72) (73) (74) (75) (76) (77) . Specifically, overexpression and constitutive activation of ERK5 and MEK5 have been noted in different tumor cells, and they are reported to correlate with more aggressive cancer behaviors, development of metastases, chemoresistance, and tumorassociated angiogenesis (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) . In contrast, the role of ERK5 in inflammation is more controversial. Some studies suggest that ERK5 is anti-inflammatory (44, 45, 47, (89) (90) (91) (92) , whereas other studies, including our own, have reported a proinflammatory role for ERK5 in various cell types (23, (93) (94) (95) (96) (97) (98) (99) .
Here, we expand on our previously reported observation that ERK5 contributes to proinflammatory signaling downstream of TLR2 (23) , testing the hypothesis that ERK5 mediates acute inflammation induced by microbial ligands as well as by endogenous host factors. In experiments with cultured primary human ECs and monocytes, we showed that ERK5 promoted inflammation downstream of diverse inflammatory mediators in vitro, including fibroblast-stimulating ligand 1 (FSL-1) (a ligand of TLR2 and TLR6), lipopolysaccharide (LPS; a TLR4 agonist), IL-1b, and TNF-a. In addition, we found that inhibition of ERK5 activity markedly improved the survival rates of endotoxemic mice and reduced the amounts of circulating inflammatory mediators in mice treated with the TLR1 and TLR2 agonist Pam3Cys, LPS, or heat-killed Staphylococcus aureus (HKSA), as well as in mice that underwent sterile lung IR injury. Together, our studies support a proinflammatory role for ERK5 in primary human ECs and monocytes, and suggest that ERK5 is a potential therapeutic target in diverse disorders that cause inflammatory critical illness.
RESULTS

ERK5 activity promotes the secretion of proinflammatory cytokines by ECs
We previously showed that ERK5 mediates TLR2 signaling in human ECs, human peripheral blood mononuclear cells (PBMCs), and the monocytic cell line THP-1, and that the bacterial lipopeptide TLR1/2 agonist Pam3Cys stimulates the activation of endogenous ERK5 in human umbilical vein endothelial cells (HUVECs) (23) . To determine whether ERK5 also promoted EC activation downstream of other exogenous (for example, FSL-1 and LPS) and endogenous (for example, TNF-a and IL-1b) inflammatory mediators, we first analyzed the effects of the ERK5 inhibitors XMD8-92 and XMD17-109 (also known as ERK5-IN-1) on the FSL-1-, LPS-, TNF-a-, and IL-1b-induced production of IL-6 and IL-8 by human lung microvascular endothelial cells (HMVEC-lung cells) and HUVECs (75, 100, 101) . We found that both ERK5 inhibitors inhibited the secretion of both IL-6 and IL-8 from HMVEC-lung cells treated with any of the inflammatory agonists (Fig. 1, A to H) . We also performed a detailed analysis of the absolute half-maximal inhibitory concentration (IC 50 ) values for the inhibitory effects of XMD8-92 and XMD17-109 on IL-6 and IL-8 secretion by both HUVECs and HMVEC-lung cells (Tables 1 and 2 ). These results suggest that XMD17-109 has a modestly higher efficacy than XMD8-92 in both HUVECs and HMVEC-lung cells, and that both inhibitors had a higher efficacy in HMVEC-lung cells than in HUVECs. Additionally, the ERK5 inhibitors more potently inhibited the secretion of IL-6 than that of IL-8. None of the inhibitors substantially affected cell viability at the concentrations used in our assays as measured by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay ( fig. S2 ). Furthermore, we found that initiating treatment of HMVEC-lung cells with XMD8-92 anytime from 2 hours before through to 2 hours after the addition of LPS reduced the amounts of IL-6 and IL-8 secreted by the cells (fig. S3, A and B) . These data suggests that ERK5 promotes the secretion of IL-6 and IL-8 by HUVECs and HMVEC-lung cells in response to both endogenous and exogenous inflammatory mediators.
MEK5 activity in ECs promotes the secretion of proinflammatory cytokines
The MAPK kinase (MAPKK) MEK5 binds to ERK5 and phosphorylates its activation loop to induce ERK5 activity ( fig. S1 ) (102) . Therefore, we tested whether the MEK5 inhibitor BIX02189 could reduce the LPS-and TNF-a-induced secretion of IL-6 and IL-8 by HMVEC-lung cells. Indeed, we found that BIX02189 substantially reduced the amounts of IL-6 and IL-8 secreted by ECs (Fig. 1, I and J). As before, we found that BIX02189 had no substantial effect on cell viability at the concentrations used in our assays ( fig. S2C ). This result suggests that the MEK5-ERK5 signaling axis promotes an inflammatory response in human ECs.
ERK5 and MEK5 promote the secretion of proinflammatory cytokines by ECs
To further confirm the roles of MEK5 and ERK5 in the inflammatory activation of HMVEC-lung cells, we used RNA interference (RNAi)-mediated protein knockdown to reduce the abundance of either ERK5 or MEK5 in HMVEC-lung cells. The short inhibitory RNAs (siRNAs) specific for MAPK7 (which encodes ERK5) and MAP2K5 (which encodes MEK5) substantially reduced the abundances of ERK5 and MEK5, respectively, but did not affect the abundances of ERK1 and ERK2 or of MEK1 and MEK2, which have kinase domain sequences most similar to those of ERK5 and MEK5, respectively (Fig. 2, A to D) (36, 37) . Consistent with the ERK5 inhibitor studies, the specific knockdown of ERK5 reduced the amounts of both IL-6 and IL-8 that were secreted by HMVEC-lung cells treated with either LPS or TNF-a (Fig. 2, E and F) , again suggesting a role for ERK5 in inflammatory pathways in ECs. Knockdown of MEK5, however, reduced the amount of IL-8, but not IL-6, that was secreted by HMVEClung cells in response to either LPS or TNF-a (Fig. 2, G and H) . It is possible that whereas the incomplete knockdown of MEK5 was sufficient to substantially inhibit IL-8 secretion, the same was not true for IL-6 secretion. Alternatively, an off-target effect of the MAP2K5-specific siRNA may have compensated for the effect of MEK5 knockdown on IL-6 secretion. Indeed, we performed an extensive BLAST search to find potential offtarget genes for the siRNAs contained in the MAPK7 siRNAs that we used. We found that three of the four siRNAs had 13 of their 19 nucleotides overlap with sequences in MAP2K4 (the gene that encodes MEK4), which is an upstream MAPKK for p38, JNK1, and JNK2. Thus, the off-target knockdown of this kinase could potentially result in a compromised inflammatory response (103) . However, we did not observe a substantial effect on MEK4 protein abundance in HMVEC-lung cells transfected with MAPK7-specific siRNA, suggesting that knockdown of MEK4 was not likely responsible for the observed outcomes (Fig. 2, A and B) . Together, the results of our RNAi-mediated knockdown studies indicate that the MEK5-ERK5 axis in human ECs promotes the secretion of proinflammatory cytokines in response to TLR4 and TNF receptor (TNFR) signaling.
ERK5 promotes the adhesion of neutrophils to activated HMVEC-lung cells
To analyze the contribution of ERK5 in ECs to leukocyte adhesion, we used a neutrophil adhesion assay with primary human neutrophils and HMVEC-lung cells (104) . After a 3-hour treatment of monolayers of HMVEC-lung cells with FSL-1, LPS, or TNF-a in the presence of either of the ERK5 inhibitors XMD8-92 or XMD17-109, there was a marked decrease in the numbers of neutrophils that adhered to the activated HMVEC-lung cell monolayers compared to those that adhered to monolayers of control cells that were treated with proinflammatory mediators in the absence of ERK5 inhibitors (Fig. 3, A to C) . Similar results were obtained from experiments with the MEK5 inhibitor BIX02189, although this inhibitor had a statistically significant effect on adhesion only in experiments in which the monolayers were treated with LPS or TNF-a ( fig.  S4, A and B) . These observations are consistent with our previous study that showed that knockdown of ERK5 in ECs reduces the adherence of neutrophils to HMVEC-lung cells activated with Pam3Cys (23) . These data suggest that the ERK5 signaling pathway is necessary for maximal neutrophil adhesion to activated ECs.
ERK5 promotes the secretion of proinflammatory cytokines from PBMCs and purified monocytes
We previously found that ERK5 is a critical intermediary in the inflammatory activation of PBMCs in response to the stimulation of TLR1 and TLR2 (23) . Here, we assessed the role of ERK5 in inflammatory signaling in human PBMCs and purified monocytes in response to stimulation with FSL-1 or LPS. We found that the amounts of IL-6 and IL-8 that were secreted by either cell population were reduced in the presence of the ERK5 inhibitor XMD8-92 or XMD17-109 (Fig. 4 , A to H). We also found that the ERK5 inhibitors reduced the amounts of TNF-a secreted by PBMCs and monocytes in response to LPS, but not FSL-1 (Fig. 4 , I to L); however, FSL-1 stimulated the secretion of a negligible amount of TNF-a from both PBMCs and monocytes. Note that because monocytes constitute about 10 to 30% of human PBMCs, these results also suggest that most of the IL-6 and IL-8 secreted by LPS-treated PBMCs is derived from monocytes (Fig. 4 , compare C with G and D with H) (105) . Together, these data suggest that the MEK5-ERK5 axis promotes the TLR2-and TLR4-mediated secretion of cytokines by PBMCs and monocytes in addition to ECs.
Inhibitors of ERK5 and MEK5 reduce the systemic concentrations of proinflammatory cytokines and PAI-1 activity in mice treated with LPS or Pam3Cys
To investigate the contribution of ERK5 to systemic inflammation and coagulopathy in vivo, we pretreated mice with the ERK5 inhibitor XMD8-92 and then challenged them intravenously with Pam3Cys or LPS. The plasma concentrations of IL-6, CCL2, and CCL3 were determined to assess the role of ERK5 in systemic inflammation, whereas PAI-1 activity was chosen as a measure of coagulation because increased amounts of PAI-1, which inhibits fibrinolysis, are associated with an increased incidence of organ failure and death in sepsis, pneumonia, and ALI (28) . Mice were also pretreated with the ERK5 inhibitor XMD17-109 and then challenged intravenously with LPS for comparison. The plasma concentrations of IL-6, CCL2, and CCL3 and the activity of PAI-1 2 hours after challenge with either Pam3Cys or LPS were all substantially reduced in mice treated with ERK5 inhibitors compared to those of control mice treated with vehicle ( Fig. 5 , A to L). Twenty-four hours after challenge with LPS, mice treated with the ERK5 inhibitor XMD8-92 had substantially decreased plasma PAI-1 activity and reduced concentrations of CCL2, but not IL-6 or CCL3 ( fig. S5, A to D) . Note that the plasma concentrations of IL-6, CCL2, and CCL3 and the activity of PAI-1 in vehicle-and inhibitor-treated mice were much lower 24 hours after challenge with LPS than they were at 2 hours after challenge. We next assessed the contribution of MEK5 to LPS-induced inflammation and coagulopathy by pretreating mice with the MEK5 inhibitor BIX02189 before challenging them intravenously with LPS. Two hours after challenge, the activity of PAI-1 and the concentrations of IL-6 and CCL2, but not CCL3, were substantially reduced in BIX02189-treated mice compared to those in vehicle-treated mice (Fig. 5, M to P) . These data support a role for the MEK5-ERK5 signaling axis in the induction of acute inflammation and coagulopathy in mice challenged systemically with bacterial PAMPs. To further test this hypothesis, we pretreated mice with the ERK5 inhibitor XMD8-92 and then challenged them intravenously with HKSA, which contain multiple PAMPs. We observed that, as compared with vehicle-treated mice, those mice treated with the ERK5 inhibitor had substantially reduced plasma PAI-1 activity and decreased concentrations of IL-6 and CCL2, but not CCL3, 2 hours after challenge with HKSA (Fig. 6, A to D) .
Inhibition of ERK5 activity protects mice from LPS-induced mortality
To test the hypothesis that inhibition of ERK5 activity may improve survival in inflammatory critical illness, we assessed the effects of ERK5 inhibition in an LPS-induced (endotoxemic) mortality model. Mice were treated with the ERK5 inhibitor XMD8-92 30 min before or 1 hour after being challenged with an intraperitoneal injection of LPS [lethal dose (LD) 30 to LD 50 ]. In both instances, the inhibition of ERK5 activity conferred the mice with marked protection from LPS-induced lethality, reducing the mortality of mice at 72 hours from 50 to 0% in mice pretreated with the inhibitor and from 29 to 0% in mice treated with the inhibitor after exposure to LPS (Fig. 7, A and B) .
ERK5 promotes the production of proinflammatory cytokines during lung IR injury in vivo
Although the underlying stimuli of acute inflammatory critical illness differ considerably, they all lead to variable degrees of IR injury, which results from reduced blood flow as a result of microvascular thrombosis and decreased arterial blood pressure (12, 106) . Reduced perfusion of tissues leads to cellular stress and even necrosis, with the release of DAMPs that exacerbate local and systemic inflammation and promote organ injury and failure (5, 107) . In experiments with a mouse model of ventilated lung IR injury, we found that IR injury increases the abundance of proinflammatory cytokines and chemokines in the bloodstream and in lung tissue compared to that in mice undergoing a sham surgical procedure (108) . To test the hypothesis that ERK5 mediates inflammation after IR injury in the lung, we pretreated mice with the ERK5 inhibitor XMD8-92 just before we temporarily occluded the left pulmonary artery for 30 min, and then we quantified the plasma concentrations of IL-6 and CCL2 1 hour after reperfusion. Similar to our results from experiments with LPS and Pam3Cys, the plasma concentrations of IL-6 and CCL2 in response to IR injury were substantially less in mice treated with XMD8-92 than they were in vehicletreated mice (Fig. 8, A and B) . These results suggest that in the lung subjected to IR injury, and potentially in other areas of reduced blood flow, ERK5 promotes the production of proinflammatory cytokines and chemokines.
DISCUSSION
Here, we expanded on our initial observation that ERK5 promotes inflammation downstream of TLR2 in both ECs and monocytes, and we provided data to suggest that ERK5 promotes acute inflammatory events in vitro and in vivo (23) . We found that ERK5 promoted the release of proinflammatory cytokines from primary human monocytes and ECs, as well as the adherence of neutrophils to ECs and the release of PAI-1 from ECs in response to agonists of TLR2 and TLR4, as well as to IL-1b and TNF-a. Our data support roles for ERK5 and MEK5 activity in mediating inflammation and coagulopathy induced by systemic bacterial infection, as evidenced by the reduced concentrations of inflammatory mediators and the decrease in PAI-1 activity in ERK5 inhibitor-treated mice that were subsequently challenged with Pam3Cys, LPS, or HKSA. Indeed, we showed that abating ERK5 activity improved the survival of endotoxemic mice. Supporting a role for ERK5 in inflammation induced by noninfectious injuries is our finding that an ERK5 inhibitor reduced the plasma concentrations of inflammatory mediators in a mouse model of lung IR injury. Together, our results suggest that ERK5 promotes inflammatory pathways downstream of innate immune receptors and, critically, that the MEK5-ERK5 axis could potentially be exploited therapeutically to treat various infectious and noninfectious disorders that cause critical inflammatory illness.
In contrast with our observations, several studies support an anti-inflammatory role for ERK5 (44, 45, 47, 91) . There are several differences between our studies and those previously reported. First, we used two different specific inhibitors of ERK5 activity, XMD8-92 and XMD17-109, to assess the role of ERK5 in acute inflammation (75, 100, 101) . XMD17-109 is a highly specific inhibitor of ERK5, and the crystal structure of XMD17-109 bound to the kinase domain of ERK5 has been solved (101) . Second, we found that the MEK5 inhibitor BIX02189 reduced inflammatory responses in vitro and in endotoxemic mice; however, in some instances, it was less effective than were the ERK5 inhibitors. BIX02189 is a more promiscuous inhibitor than either of the ERK5 inhibitors used in our studies. For example, BIX02189 also potently inhibits the kinases Lck, Src, colony-stimulating factor 1 (CSF-1) receptor, and ribosomal S6 kinase 2/4 (RSK2/4). This may account for its reduced efficacy in limiting inflammatory activation in some of our in vitro and in vivo assays (72) . Third, we verified the results from our in vitro experiments using inhibitors with RNAi-mediated knockdown of both ERK5 and MEK5 proteins in primary human ECs, and we analyzed the function of endogenous ERK5 and MEK5 in primary human cells in vitro, bypassing the need for transfection studies. Last, we found that inhibition of ERK5 reduced systemic inflammation in multiple in vivo models of acute inflammation, including toxicity models of bacterial sepsis and a model of sterile acute inflammation. We recognize that competitive inhibitors of the adenosine triphosphate (ATP)-binding sites of kinase domains will undoubtedly have off-target effects, and we have tried to extensively address this possibility in our in vitro studies by using inhibitors of not only ERK5 but also MEK5 and by complementing these studies with siRNA-mediated knockdown of endogenous ERK5 and MEK5 in ECs. We observed highly consistent effects on inflammatory outcomes with each of these methods. Although it is possible that the inhibition of another protein in addition to ERK5 or MEK5 may have contributed to the outcomes that we observed, the sum total of our in vitro data suggests that the effects that we observed in vivo were a result of inhibition of the MEK5-ERK5 signaling pathway. Together, our results suggest that ERK5 promotes acute inflammation in vitro and in vivo. We speculate that blood flow conditions may determine whether ERK5 serves a proinflammatory or anti-inflammatory role. Under normal physiologic conditions, blood flow is laminar, whereas sepsis and tissue injury or distress can cause decreased and nonlaminar blood flow to occur. Perhaps under laminar blood flow, ERK5 activation protects against vascular inflammation, whereas under nonlaminar blood flow, ERK5 promotes inflammation. Our hypothesis that vascular flow conditions determine whether ERK5 serves a proinflammatory or anti-inflammatory role is supported by our finding that the induction of inflammation by temporarily occluding blood flow to the mouse lung is dependent on ERK5 activity. Further support for this differential role of ERK5 comes from a report that shows that modification of ERK5 with the small ubiquitin-like modifier (SUMO) promotes inflammatory pathways under conditions of disrupted laminar flow, which suggests that posttranslational modifications of ERK5 may switch its function from a protective to a proinflammatory one (90) . Therefore, a potential paradigm for the role of ERK5 in inflammation emerges: under normal flow conditions in the vasculature, ERK5 may protect against the inflammatory activation of ECs and therefore maintain endothelial homeostasis and vascular integrity; however, during an infectious or traumatic insult, when blood flow is compromised, ERK5 may promote the inflammatory activation of ECs.
The signaling pathways that lead to the activation of ERK5 downstream of the innate immune receptors are not known. With an appropriate stimulus, MAPKs are activated through a highly conserved sequence of phosphorylation events; that is, MAPKK kinases (MAPKKKs) activate MAPKKs, experiments. The concentration of LPS used was chosen to achieve a 30 to 50% mortality rate (LD 30 to LD 50 ) in control mice after 72 hours. *P < 0.05 when comparing control mice with inhibitor-treated mice. Mortality data were analyzed with Kaplan-Meier curves. which in turn activate a specific MAPK (30, 33) . The MAPKKKs MAPK/ERK kinase kinase 2 (MEKK2) and MEKK3 are thought to phosphorylate, and thus activate, MEK5, the only kinase known to activate ERK5 (35, 38, 39, 109) . Tumor progression locus 2 (Tpl2), another MAPKKK, also activates the MEK5-ERK5 pathway (110) . Notably, Tpl2 can promote inflammation by enhancing the formation of active NF-kB heterodimers (111) . There is currently no consensus on whether MEKK2, MEKK3, or Tpl2 is involved in the activation of ERK5 downstream of innate immune receptors; indeed, other MAPKKKs, such as transforming growth factor-b (TGF-b)-activated kinase 1 (TAK1) or apoptosis signalregulating kinase 1 (ASK1), may be involved (30) .
Within the nucleus, ERK5 stimulates various transcription factors (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (112) (113) (114) . In particular, ERK5 stimulates members of the MEF2 family (including MEF2A, MEF2C, and MEF2D) and the AP-1 family (including c-Jun and c-Fos) of transcription factors (50) . For example, the ERK5-dependent activation of MEF2C and MEF2D induces expression of the gene encoding c-Jun, and, downstream of Tpl2, ERK5 stimulates the promoter of the same gene concomitantly with JNK and p38 (53, 110, 115) . Furthermore, ERK5 may increase the abundance and activation of c-Fos in certain instances (46, 49) . These studies all point to a role for ERK5 in the regulation of AP-1, which is of particular interest because the AP-1 family members c-Jun and c-Fos induce the expression of genes whose products mediate inflammation and cell survival (116) (117) (118) . ERK5 is thought to both stimulate and inhibit NF-kB activity. In this regard, ERK5 may decrease NF-kB activity by increasing the abundance of the transcription factor Krüppel-like factor 2 (KLF2) (119, 120) . In ECs, an increase in the amount of KLF2 reduces the abundances of VCAM-1, E-selectin, tissue factor, and PAI-1, but not ICAM-1, as well as potently inhibits vascular endothelial growth factor (VEGF)-mediated vascular permeability (121) (122) (123) . Furthermore, KLF2 is proposed to have anti-inflammatory properties in healthy ECs under laminar flow, but not in areas of compromised blood flow (124) (125) (126) . In contrast with these findings, ERK5 promotes NF-kB activity in other cell systems, as well as during the cell cycle (127) (128) (129) .
In conclusion, we have identified a previously uncharacterized proinflammatory role for ERK5 downstream of multiple innate immune receptors that engage exogenous and endogenous inflammatory mediators. Furthermore, we found that ERK5 mediated the increased production of proinflammatory cytokines involved in leukocyte recruitment and activation in mice exposed to microbial factors or tissue ischemia. Placing our findings into the context of the literature, we speculate that blood flow conditions may determine whether ERK5 serves a proinflammatory or anti-inflammatory role. We propose that under steady-state conditions, ERK5 may help to maintain vascular integrity and endothelial homeostasis, perhaps in part through KLF2, but that during sepsis or tissue injury, ERK5 promotes the proinflammatory activation of ECs, which, if sustained, could lead to organ injury and failure. Together, our studies suggest that ERK5, with its distinct structure and limited role in cells, may be a potential therapeutic target in the fight against inflammatory critical illness, a common and often lethal condition in humans.
MATERIALS AND METHODS
Cells
HUVECs (passages 2 to 6 from multiple donors, Lonza) and HMVEClung cells (passages 4 to 9 from female and male donors, PromoCell) were incubated at 37°C under humidified 5% CO 2 . HUVECs and HMVEClung cells were cultured in endothelial growth medium-2 (EGM-2) and EGM-2 microvascular medium (Lonza), respectively. Human PBMCs and neutrophils were isolated by gradient centrifugation with Lymphoprep and Polymorphprep (Axis-Shield), respectively, of heparinized whole blood collected by venipuncture from healthy human volunteers. PBMCs were isolated according to the manufacturer's instructions, whereas neutrophils were isolated as described previously (104) . Human CD14 + monocytes were isolated from PBMCs by positive selection with CD14 MicroBeads and LS columns (Miltenyi Biotec) according to the manufacturer's instructions.
Inhibitor and agonist treatments
All ECs were grown to confluence before being treated with inhibitors or agonists. Unless otherwise noted, cells in all experiments were preincubated with vehicle (DMSO), with the ERK5 inhibitor XMD8-92 (5 mM, Axon Medchem) or XMD17-109 (1 mM, Medchem Express), or with the MEK5 inhibitor BIX02189 (10 mM, Axon Medchem) for 1 hour before treatment and then continuously during treatment with vehicle (0.9% saline) or the inflammatory agonists Pam3Cys (10 mg/ml, EMC Microcollections), FSL-1 (10 mg/ml, EMC Microcollections), LPS (10 mg/ml, List Laboratories), recombinant human TNF-a (100 ng/ml, PeproTech Inc.), or IL-1b (0.1, 1, or 10 ng/ml, R&D Systems) for the times indicated in the figure legends. Preparations of XMD8-92, XMD17-109, BIX02189, Pam3Cys, FSL-1, and TNF-a contained LPS (<0.1 endotoxin unit/ml) based on the limulus amebocyte lysate endotoxin assay (Thermo Scientific).
Transfection of HMVEC-lung cells with siRNAs
MAPK7-specific (ERK5, L-003513-00-0005), MAP2K5-specific (MEK5, L-003966-00-0005), and control (L-005120-01-0005) siRNA ON-TARGETplus SMARTpools (Thermo Scientific) were used according to the manufacturer's suggested protocol for the transfection of HUVECs with the DharmaFECT 4 Transfection Reagent. In some cases, whole-cell lysates were prepared 72 hours after transfection, whereas cell culture media were collected 79 hours after transfection (which included 7 hours of treatment with inhibitor and agonist).
Western blotting analysis
Cells were lysed with radioimmunoprecipitation assay lysis buffer [4 mM sodium dihydrogen phosphate (pH 7.0), 6 mM disodium hydrogen phosphate (pH 7.0), 150 mM sodium chloride, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 50 mM sodium fluoride, 0.1 mM sodium orthovanadate] containing protease inhibitor cocktail (Sigma-Aldrich). Total proteins were resolved by SDS-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene difluoride (PVDF) membranes (Pall Corp). The membranes were blocked in 3% bovine serum albumin (BSA) for 45 min at room temperature and then incubated with primary antibody solution overnight at 4°C. The PVDF membranes were washed and then incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch). Western blots were developed with SuperSignal West Dura Extended Duration Substrate (Thermo Scientific), and signals were detected with a Gel Logic 2200 Imaging System (Kodak) run on Carestream imaging software (Carestream Health). Antibodies specific for ERK5 (Cell Signaling), ERK1/2 (Cell Signaling), MEK5 (Millipore), MEK1/2 (R&D Systems), MEK4 (Antibodies Online), and b-actin (Sigma-Aldrich) were used for Western blotting analysis.
ELISAs and MTT assays
The concentrations of cytokines secreted by cells were quantified by analysis of cell culture media with ELISA kits specific for IL-6 (R&D Systems), IL-8 (BD Biosciences), TNF-a (R&D Systems), CCL2/MCP-1 (R&D Systems), and CCL3/MIP-1a (R&D Systems) according to the manufacturers' instructions. Active PAI-1 was detected with the PAI-1 functional assay ELISA kit (Molecular Innovations). MTT assays (Biotium) were performed in 96-well plates according to the manufacturer's instructions.
Neutrophil adhesion assay
The neutrophil adhesion assay was performed as described previously (104) . Briefly, neutrophils were resuspended in RPMI 1640 medium (2 × 10 6 cells/ml) and labeled with 3 mM calcein AM (Life Technologies). Immediately before the labeled neutrophils were added, 48-well plates containing monolayers of HMVEC-lung cells were washed three times with RPMI 1640 medium containing 3% BSA. The labeled neutrophils were then added at 3 × 10 5 to 6 × 10 5 cells per well and allowed to incubate for 20 min at 37°C in the dark before being washed five times with PBS to remove nonadherent cells. Pre-and post-wash fluorescence were read at an excitation of 485 nm and an emission of 520 nm in a FLUOstar OPTIMA fluorescent plate reader. The relative adherence was then calculated. Neutrophil adhesion was visualized with a Zeiss Axio Imager D1 microscope.
Challenge of mice with saline, Pam3Cys, LPS, or HKSA All animal study protocols were approved by the University of California San Francisco (UCSF) Animal Care and Use Committee. Eight-week-old C57BL/6J male mice (The Jackson Laboratory) were injected intraperitoneally with XMD8-92 (50 mg/kg) or XMD17-109 (50 mg/kg) dissolved in 30% (2-hydroxypropyl)-b-cyclodextrin or with BIX02189 (25 mg/kg) dissolved in 5% DMSO containing 30% (2-hydroxypropyl)-b-cyclodextrin, or with vehicle alone [30% (2-hydroxypropyl)-b-cyclodextrin with or without 5% DMSO] 30 min before being injected intravenously ("challenged") with either 0.9% saline, Pam3Cys (2.5 mg/kg), LPS (10 mg/kg), or HKSA (Invivogen) at 2.5 × 10 10 bacteria/kg. In each experiment, four mice were used per condition. The doses of Pam3Cys, LPS, and HKSA that were used were established in pilot dose-response studies. Comparisons were made between mice that were treated with the ERK5 or MEK5 inhibitors and control mice that were treated with vehicle alone.
Analysis of LPS-induced mortality in mice
Eight-week-old C57BL/6J male mice were injected intraperitoneally with XMD8-92 (50 mg/kg) dissolved in 30% (2-hydroxypropyl)-b-cyclodextrin or vehicle [30% (2-hydroxypropyl)-b-cyclodextrin] alone 30 min before or 1 hour after the mice were injected intraperitoneally with LPS at 15 and 12.5 mg/kg, respectively. For inhibitor pretreatment experiments, eight mice per group were used, whereas for inhibitor posttreatment experiments, 14 mice per group were used. Mice were monitored by an individual who was blinded to the treatment group at 4 hours, 8 hours, and then every 8 hours up to 72 hours after the mice were challenged with LPS.
Mice that became moribund were euthanized and were counted among the mice that died without the need for euthanasia. A moribund state, which is defined as inanition, the lack of response to gentle shaking of the cage, and the inability of the mice to right themselves when placed on their sides are uniform presages for death in endotoxemic mice.
Ventilated lung IR injury induced by left pulmonary artery occlusion
A mouse model of unilateral left pulmonary artery occlusion was used, as described previously (108) . Fifteen-week-old C57BL/6J male mice were anesthetized by intraperitoneal administration of tribromoethanol (also known as Avertin), endotracheally intubated, and placed on a ventilator (with tidal volumes of 225 ml and a respiratory rate of 180 breaths/min for a 30-g mouse) and were given buprenorphine intraperitoneally. The mice underwent a left thoracotomy through the interspace between the second and third ribs, after which the left pulmonary artery was identified, and an 8-0 Prolene monofilament suture was passed between the left pulmonary artery and the left bronchus while visualizing under a high-magnification microscope. A slip-knot suture was tied such that the end of the suture was externalized through a narrow bore (27-gauge) needle to the anterior chest wall. Before closure of the thorax, the left lung was inflated to occupy the left thoracic cavity. Local anesthetic (three to four drops of 0.25% bupivacaine) was applied topically before skin closure. The total period of mechanical ventilation was about 20 to 25 min. After the skin was closed, the mice were allowed to recover from anesthesia, mechanical ventilation was discontinued, and the endotracheal tube was removed. After 30 min of ischemia, reperfusion was established by removing the externalized suture.
At the end of a 1-hour reperfusion period, blood was collected into a heparinized syringe by cardiac puncture under deep anesthesia and was then centrifuged at 14,000g for 5 min before the plasma was stored at −80°C. For the sham procedure, mice underwent left thoracotomy and all of the other procedures that were described earlier; however, the left pulmonary artery was not isolated and a slip knot was not tied or externalized. Blood from these animals was collected at the same time intervals as were used for the experimental group. Mice that died before the completion of surgery, yielded insufficient blood volumes, or had inadvertent esophageal intubation were excluded from the analysis.
Statistical analysis
Data from in vitro and in vivo experiments were analyzed in GraphPad Prism with Mann-Whitney or Kruskal-Wallis nonparametric-based biostatistics, except for the data from the endotoxemic mortality experiments, which were analyzed with Kaplan-Meier curves. P ≤ 0.05 was considered to be statistically significant for all data, and the data in graphs are presented as means ± SD.
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www.sciencesignaling.org/cgi/content/full/8/391/ra86/DC1 Fig. S1 . Domain organization of ERK5. Fig. S2 . XMD8-92, XMD17-109, and BIX02189 have no substantial effects on cell viability. Fig. S3 . The ERK5 inhibitor XMD8-92 reduces the amounts of proinflammatory cytokines secreted by HMVEC-lung cells when it is added before or after they are treated with LPS. Fig. S4 . MEK5 promotes the binding of neutrophils to activated ECs. Fig. S5 . ERK5 promotes the secretion of CCL2 and enhances PAI-1 activity in mice 24 hours after they are challenged with LPS.
